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Mesangial immune injury, hypertension, and progressive glomerular
damage in DahI rats. Hypertension frequently accompanies chronic
glomerulonephritis. Mesangial injury and glomerulosclerosis are com-
mon in glomerulonephritis and are often harbingers of progressive
glomerular destruction. Thus, in a model of mesangial immune injury
we studied the relationship between hypertension, mesangial injury,
and glomeruloscierosis. We induced mesangial ferritin-antiferritin im-
mune complex disease (FTC) in DahI salt-sensitive (S) and salt-resist-
ant (R) rats. S and R rats with FTC were fed chow containing 0.3%
NaCl until 14 weeks of age and then switched to 8.0% NaCI chow un-
til 28 weeks of age. Groups of control S and R rats (no FTC) were ei-
ther fed 0.3% NaCI for 28 weeks or switched to 8.0% NaCI chow at 14
weeks of age. Blood pressure, serum creatinine, urinary protein, and
glomerular injury (assessed by semiquantitative morphometric analy-
sis) were determined at 14 and 28 weeks of age. (1) R rats with or with-
out F1C did not develop hypertension; mesangial injury was minimal.
(2) At 14 weeks of age, only S FTC rats developed hypertension, pro-
teinuria, significant mesangial expansion and early glomerulosclerosis.
(3) At 28 weeks of age, proteinuria, mesangial expansion, and glomeru-
losclerosis were significantly more severe in hypertensive S rats with
FIC than in those without FTC. These studies show that despite a nor-
mal salt intake, mesangial injury hastened the onset of hypertension,
but only in rats genetically predisposed to hypertension (S F1C at 14
weeks). High dietary salt further aggravated hypertension, which, in
turn, magnified both mesangial injury and glornerulosclerosis. Clini-
cally, the different rates of progression of human glomerulonephritis
associated with hypertension may be in part dependent on similar
mechanisms.
Atteinte immune mésangiale, hypertension, et alteration glomerulaire
progressive chez des rats DahI. L'hypertension accompagne souvent les
glomérulonéphrites chroniques. Une atteinte mesangiale et une
glomerulosclérose sont courantes lors des glomerulonéphrites et sou-
vent annoncent une destruction glomerulaire progressive. Ainsi, dans
un modèle d'atteinte immune mésangiale, nous avons étudié les rela-
tions entre hypertension, lesions mesangiales, et glomerulosclerose.
Nous avons induit une maladie mésangiale a complexes immuns fer-
ritine-antiferritine (FTC) chez des rats DahI sensibles (5) ou résistants
(R) au sel. Les rats S et R atteints de FIC ant recu un régime conten-
ant 0,3% de NaCljusqu'a l'age de 14 semaines, puis mis a un régime a
8,0% de NaCl jusqu'a l'age de 28 semaines. Des groupes contrôles de
rats S et R (sans FTC) ont été nourris soit avec 0,3% de NaCl pendant
28 semaines, soit passes au régime avec 8,0% de NaC1 a partir de l'âge
de 14 semaines. La pression sanguine, Ia créatininémie, Ia protéinurie,
et les lesions glomérulaires (ddterminées par une analyse
morphometrique semiquantitative) ont été déterminées a 14 et 28 se-
maines d'age. (1) Les rats R atteints ou non de FIC n'ont pas
développé d'hypertension; les lesions mésangiales Ctaient minimes, (2)
et a l'age de 14 semaines, seuls les rats FTC S ont développe une hyper-
tension, une protCinurie, une proliferation mésangiale significative Ct
une glomerulosclerose précoce. (3) A l'âge de 28 semaines, Ia
protéinurie, Ia proliferation mesangiale, et Ia glomérulosclérose étaient
significativement plus sévères chez les rats S hypertendus atteints de
FIC par rapport a ceux indemnes. Ces etudes montrent qu'en dépit
d'un apport sodé normal, les lesions mesangiales ont hâté Ia survenue
de l'hypertension, mais uniquement chez les rats génétiquement
predisposes a l'hypertension (S FTC a 14 semaines). Un apport sodé
élevé a encore aggravé l'hypertension ce qui, a son tour, a amplifie
l'altération mesangiale et la glomerulosclérose. En clinique, les
différentes vitesses de progression d'une glomérulonéphrite humaine
associée a une hypertension pourraient dépendre en partie des mêmes
mécanismes.
Immunologically mediated renal disease is the most com-
mon cause of endstage renal failure [1]. Hypertension, a fre-
quent clinical accompaniment of glomerulonephritis, may in-
fluence the course and/or progression of glomerular damage [2,
3]. Since many of the intrinsic mechanisms involved cannot be
evaluated in human studies, experimental models have to be
developed. We induced chronic mesangial ferritin-antiferritin
immune complex disease in Dahi S and Dahl R rats [41. S rats
are genetically predisposed to develop hypertension when fed
a high salt diet while R rats are not [5]. Of particular impor-
tance is that S rats have decreased pre-glomerular arteriolar
resistance which results in the exposure of glomeruli to sys-
temic hypertension [6]. In addition, since these rats are inbred
the immunological response will tend to be uniform. Conse-
quently, the glomerular injury will better represent the inter-
action between immune damage, hypertension, and high di-
etary salt and not the individual variations in the immune
response.
The specific aims of our studies were (1) to study sequen-
tially the morphological consequences of hypertension in rats
with and without pre-existent mesangial injury; (2) particu-
larly, to study if hypertension can lead to progressive glomer-
ular destruction even after cessation of the immune injury; (3)
to study whether mesangial injury in normotensive rats, but
with genetic predisposition to hypertension can influence the
development and/or the course of hypertension; and (4) to
study if variations in dietary salt intake constitute an indepen-
dent risk factor in the development or progression of glomer-
ular damage in rats with mesangial immune injury. The studies
reported herein demonstrate that in DahI S rats with a genetic
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predisposition to hypertension, mesangial immune injury has-
tens the onset of hypertension, which is further aggravated by
increased dietary salt. Hypertension in turn amplifies the se-
verity of glomerular injury.
Methods
Six-week-old male Dahi S and R rats (Brookhaven National
Laboratories, Brookhaven, New York) were housed two to a
cage, had free access to water, and were fed standard rat chow
containing either 0.3% or 8.0% NaCI according to the experi-
mental design (see below). Rat chow was purchased from Ral-
ston Purina Company, St. Louis, Missouri.
The blood pressure (BP) was measured in unanesthetized
rats by the tail-cuff method [71, using a physiograph (MK IV
Narco Biosystems, Houston, Texas) during the morning in a
quiet environment every 2 weeks. The average of three suc-
cessive readings was recorded.
Experimental model of ferritin-antiferritin immune complex
disease
This model has been previously described in detail [4, 81.
Briefly, rats were immunized with twice-crystallized, cad-
mium-free equine spleen ferritin (Cal-Biochem-Behring Com-
pany, LaJolla, California). The ferritin was administered intra-
peritoneally in a dose of 4 mg/ 100 g body weight, 5 days a week
for 8 weeks. Control rats received 0.2 ml of distilled water
intraperitoneally.
Experimental design. Serum creatinine, 24-hr urinary excre-
tion of protein, and renal tissue samples were obtained from all
rats at 14 and 28 weeks of age. At 14 weeks, the left kidney
was exposed through a flank incision in anesthetized rats; cor-
tical tissue samples were obtained by renal biopsy utilizing a
scalpel blade. Wedge-shaped renal tissue containing cortex and
medulla was obtained at the time of sacrifice in 28-week-old
rats.
Twenty-six DahI R rats were divided into two groups (Fig.
1). Ten rats were fed 0.3% NaCl chow for 28 weeks and given
0.2 ml i.p. of distilled water from weeks 6 to 14 of age. Sixteen
R rats were also fed 0.3% NaC1 chow hut were immunized with
ferritin between weeks 6 to 14 of age. After completion of im-
munization, at 14 weeks, half of these rats were switched to 8%
NaCI chow.
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Twenty S rats were fed 0.3% NaCl chow until week 14 (Fig.
2). Half of them were then switched to 8.0% NaCI chow for an
additional 14 weeks. Twenty S rats were immunized with fer-
ritin between weeks 6 and 14 while fed 0.3% NaC1 chow. At
the end of week 14, these rats were divided into two groups:
Half were kept on 0.3% NaCl chow while the other half were
switched to 8.0% NaCI chow.
Tissue processing. The renal tissue obtained was processed
for light and immunofluorescence microscopy according to
techniques previously described [4j. All tissue samples were
evaluated independently by two investigators without prior
knowledge of the group to which the rat belonged. We defined
glomerulosclerosis or hyalinization as the disappearance of cel-
lular elements from the tuft, collapse of capillary lumens, and
folding of the glomerular basement membrane with entrap-
ment of amorphous material. The extent of increase in
mesangial matrix and the degree of glomerulosclerosis were
evaluated and scored separately (Table 1). Mesangial matrix
expansion was defined by the presence of increased amounts
of periodic acid-Schiff positive material in the mesangial re-
gion. This change was occasionally accompanied by variable
increases in cellularity. However, increases in cellularity were
not the predominant feature (see Results). In some glomeruli,
the mesangial matrix expansion or the glomerulosclerosis af-
fected only a small percentage of the glomerulus while in oth-
ers the process was diffuse. A semiquantitative score was de-
veloped to evaluate the degree of damage. A minimum of 20
glomeruli (range, 20 to 60) in each specimen was examined and
the severity of the lesion was graded from 0 to 4 + according
to the percentage of glomerular involvement. Thus, a 1 + le-
sion represented an involvement of 25% of the glomerulus
while a 4+ lesion indicated that 100% of the glomerulus was
involved. An injury score was then obtained by multiplying the
degree of damage (0 to 4+) by the percentage of the glomeruli
with the same degree of injury, that is, increase in mesangial
matrix material or glomerulosclerosis. The extent of the injury
for each individual tissue specimen was then obtained by the
addition of these scores. For example, if 5 of 20 glomeruli had
a lesion of 1 + and 5 of 20 had a lesion of 3+, the final injury
score for that specimen would be: (1 x 5/20) + (3 x 5/20) x
.0% NaCI chow (N = 10) I
t —
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Fig. 1. Schematic representation of the experimental design for Dahl
R rats.
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Fig. 2. Schematic representation of the experimental design for DahI
S rats.
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Table 1. Sequential changes in glomerular pathology, BP, protein excretion rates, and serum creatinine in DahI S and R rats with and without
ferritin-antiferritin immune complex diseases
14 Weeks of age 28 Weeks of age
BP Urine Serum BP Urine Serum Body
NaCI mm MES Glom protein Cr NaCI mm MES Glom protein Cr weight
Group FIC chow Hg matrix sd mg/24 hr mg/dl chow Hg matrix sd mg/24 hr mg/dl g
R No 0.3%
(N = 10)
116.3
0.6
0 0 18.3
1.4
0.42
0.03
0.3%*
(N = 9)
118.5
0.7
26.0
9.0
0 20.2
2.4
0.46
0.03
478
10
R Yes 0.3%
(N = 16)
119.2
0.9
30.0
1.5
0 17.3
0.8
0.46
0.04
0.3%
(N = 6)
8.0%
(N = 7)
118.0
1.2
122.4
1.4
92.O
6.0
8l.Og
14.0
0
4.0
0.5
454s
4.0
58.2
11.5
0.48
0.02
0.47
0.03
464
7
472
8
S No 0.3%
(N = 20)
122.3
0.5
0 0 21.3
0.9
0.44
0.04
0.3%
(N = 9)
8.0%
(N = 7)
131.7°
1.5
168.5d
2.5
62.0
2.0
127.Oh
12.0
10.0°
2.0
25.0'
6.0
31.8
4.1
91.5"
17.0
0.47
0.03
0.62"
0.04
481
5
479
7
S Yes 0.3%
(N = 20)
148.5"
1.1
77.0"
2.0
13.0"
1.0
97.0"
14.8
0.47
0.05
0.3%'
(N = 7)
8Q%t
(N = 8)
l51.5c
1.0
162.7
1.2
1ll.0
1.0
197.G
7.0
347
2.0
76.Oi
14.0
95.8'
9.5
139.Oi
27.3
Ø94i
0.03
lOu
0.05
481
8
461
9
Abbreviations: FIC, ferritin immune complex disease; BP, blood pressure; MES matrix, mesangial matrix injury score; Glom Sd, glomerular
sclerosis injury score; Cr, creatinine; R, resistant; S, sensitive; N, numbers of rats in each group.
Values are mean SEM.
"P < 0.05 S FIC vs. all groups at 14 weeks of age.
P < 0.05 vs. , y, 3.d P < 0.05 a vs. all groups.
P < 0.05 4) vs. €, 3, y,
'P <0.05 t vs. 4, €, 3, y.
g P < 0.05 y vs. , €.
h P < 0.05 a vs. €, 3, y, .
P < 0.05 4) vs. €, 3, y, .
- P < 0.05 t vs. all groups at 28 weeks of age.
100 = 100. The injury score for individual tissue specimens de-
rived by each investigator varied 11% in the specimens with
minimal changes (0 to 1+) up to 18% in specimens with more
severe and widespread (2 to 4+) injury. The scores obtained
by the two investigators were averaged.
Analytical methods. The total urinary protein was deter-
mined by the Biuret technique [4, 8]. The serum creatinine was
determined colorimetrically by a modified Jaffe reaction [4, 81.
Statistical analysis. Where applicable data were expressed
as mean SEM. Data from the different groups of rats were
compared by Student's non-paired t test. P < 0.05 was con-
sidered significant.
Results
All S and R rats grew normally and achieved similar weights
at 14 and 28 weeks of age (Table 1).
Salt-resistant rats
R rats fed 0.3% NaG! chow for 28 weeks. These rats did not
develop hypertension at either 14 or 28 weeks (Table 1). The
urinary protein excretion was 18.3 1.4 mg/24 hr at 14 weeks
and 20.2 2.4 mg/24 hr at 28 weeks. The serum creatinine was
0.46 0.03. The glomerular and interstitial architecture were
normal (Table 1). Immunofluorescent staining was negative.
R FIC rats fed 0.3% NaCl for 28 weeks. FIC disease did not
induce increases in BP at either 14 or 28 weeks (Table 1). Thus,
these rats remained normotensive during the whole period of
the study. The urinary protein excretion at 14 weeks was 17.3
0.8 mg/24 hr, a value similar to R rats without FIC disease.
When the rats were 28 weeks of age, urinary protein excretion
increased significantly to 45.4 4 mg/24 hr. The serum cre-
atinine was normal at 14 and 28 weeks. At 14 weeks, glomeruli
of these rats had mild focal and segmental increases in mesan-
gial matrix and at 28 weeks there was a further increase in
mesangial matrix, which was more diffuse and affected most
glomeruli. However, there was no evidence of glomerulo-
sclerosis (Table 1). Tubulointerstitial or vascular changes were
absent at either 14 or 28 weeks. Immunofluorescence micros-
copy revealed 2 + mesangial staining for IgG and C3 at 14 and
28 weeks.
R FIC rats fed 8.0% NaC1 from 14 to 28 weeks of age. The
blood pressure of these rats at 28 weeks was 122.4 1.4 mm
Hg. These values were significantly higher than those ob-
served in R FIC rats of the same age fed 0.3% NaCI chow.
However, a BP of 122 mm Hg is still within the normal range
for 28-week-old rats. In addition, the protein excretion as well
as the renal morphological changes were similar to R FIC rats
always maintained on 0.3% NaCI chow (Table 1) (Fig. 3B). The
serum creatinine was normal.
Salt-sensitive rats
S rats fed 0.3% NaG! chow for 28 weeks. The mean BP of
these rats at 14 weeks was 122.3 0.5 mm Hg. At 28 weeks
the BP was significantly higher, 131.7 1.5 mm Hg (P < 0.05).
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Fig. 3. Glomeruli from A S rat on 0.3% NaG! diet at 14 weeks of age with 0 mesangial expansion and 0 glomeruloscierosis. B R rat with FiG 8%
NaCI chow 28 weeks of age with / + mesangialexpansion. C S rat with FIC 0.3% NaG! chow at 14 weeks of age with 2 + mesangial expansion.
D S rat with PlC 0.3% NaCI chow at 28 weeks with 3 + mesangial expansion and 1 + glomerulosclerosis. E S rat on 8% NaCI chow at 28 weeks
of age demonstrates 4+ mesangial expansion. F S rat with FIC 8% NaC! chow at 28 weeks of age with 3+ glomerulosclerosis. (Periodic acid
Schiff stain, original magnification 350 x)
The urinary protein excretion was 21.3 0.9 mg124 hr at 14
weeks, and 31.8 4.1 mg/24 hr at 28 weeks; values not sig-
nificantly different from those observed in R rats of the same
age fed 0.3% NaCI chow studied at the same time periods. The
serum creatinine was normal at 14 and 28 weeks. The glomeruli
were normal at 14 weeks (Fig. 3A). At 28 weeks, glomeruli had
a mild increase in mesangial matrix and a few glomeruli were
undergoing sclerosis. There was evidence of mild tubular dila-
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tation which predominantly affected the juxtamedullary tu-
bules. Focal areas of interstitial fibrosis were observed sur-
rounding some of the dilated tubules. Immunofluorescence mi-
croscopy was negative.
S rats fed 8.0% NaCifrom 14 to 28 weeks of age. After switch-
ing these rats to 8.0% NaCI chow they became hypertensive,
168.5 2.5 mm Hg. The urinary protein excretion signifi-
cantly increased to 91.5 17 mg/24 hr in 28-week-old rats, a
value higher than that in normotensive S rats and also higher
than those in all groups of R rats. The serum creatinine was
slightly but significantly elevated (Table 1). At 28 weeks, these
rats had significant morphological changes. Glomeruli had a
diffuse increase in mesangial matrix with minimal evidence of
cellular proliferation (Fig. 3E). The capillary loops were open
and there was no thickening of the GBM. Glomerulosclerosis
was more common in this group of rats than in 28-week-old S
rats always fed 0.3% NaCI chow (Table 1). There was scat-
tered tubular dilatation which affected both cortical and jux-
tamedullary tubules, although it was somewhat more promi-
nent in the juxtamedullary zone. Areas of interstitial fibrosis
and cellular infiltrates were present primarily surrounding dam-
aged tubules. The intrarenal vessels showed increased thick-
ness of the vascular wall. Immunofluorescence microscopy re-
vealed 2+ C3 in areas of sclerosis. Hence, the hypertension in-
duced by the increase in dietary salt led to glomerular damage,
which predominantly affected the mesangium, and ultimately
to the development of glomerulosclerosis.
S FIC rats fed 0.3% NaC1 chow for 28 weeks. After induc-
tion of FTC disease, 14-week-old rats had a BP of 151.5 1.0
which was higher than in any group of R rats (Table 1). It was
also higher than in either 14- or 28-week-old S rats without FTC
disease always fed 0.3% NaCI chow (Table 1). The increase in
BP observed at the end of 14 weeks did not further increase
significantly in the subsequent 14 weeks (Table 1). In addition,
the urinary protein excretions were increased to a similar de-
gree in 14- and 28-week-old rats (Table 1). The serum creati-
nine was elevated at 28 weeks, 0.94 0.03 mg/dl. At 14 weeks
the glomeruli of these rats showed a uniform increase in mesan-
gial matrix (Fig. 3C). Segmental glomerulosclerosis was also
present in scattered glomeruli. Indeed, the degree of mesangial
expansion and glomeruloscierosis observed in this rat group
was significantly greater than that observed in any group of rats
studied at the same time interval. At 28 weeks the mesangial
expansion and glomerulosclerosis were more severe (Table 1)
(Fig. 3D) although no further increment in BP was seen. The
tubulointerstitial changes were rather inconspicuous at 14
weeks. At 28 weeks, there was an increase in the number of
dilated tubules and interstitial fibrosis, usually associated with
damaged tubules. Immunofluorescence microscopy revealed
2 + IgG and C3 in the mesangium. In addition, the areas of gb-
merulosclerosis showed increased deposition of C3.
S FIC rats fed 8.0% NaC1 chow from 14 to 28 weeks of age.
The mean BP was 162.7 1.9 mm Hg, significantly higher than
S FIC rats always maintained on 0.3% NaCI chow (Table 1).
The urinary protein excretion, 197 7 mg/24 hr, was higher
than in any group of rats studied. The serum creatinine was 1.0
0.05 mg/dl. The morphological changes observed in these
rats were characterized by a marked increment in mesangial
matrix and widespread glomerulosclerosis (Table 1; Fig. 3F).
The intrarenal vasculature showed increased thickness of the
vascular walls. Tubular dilatation and interstitial fibrosis were
also more severe. Immunofluorescence microscopy showed
2 + IgG and C3 in the mesangium with accentuation of C3
deposition in the areas of sclerosis.
Stratification of histological changes
Since a superficial renal biopsy was obtained at 14 weeks, it
was not possible to contrast superficial with juxtamedullary
glomeruli in these specimens. In each individual specimen ob-
tained from rats at the time of sacrifice, the injury score of
superficial and juxtamedullary glomeruli was compared. A sig-
nificantly predominant involvement in juxtamedullary
glomei-uli was not apparent in any group studied. In fact the ra-
tio of juxtamedullary to superficial glomerular injury scores
was between 1.0 and 1.2 in all groups. This contrasts with what
has been observed in Holtzman rats with steroid-induced
hypertension [9] and in the spontaneously hypertensive rat
([101, unpublished observations) in which juxtamedullary
glomerular injury is predominant and occurs earlier than in cor-
tical glomeruli.
Discussion
Immunologically mediated renal disease is etiologically the
most common cause of terminal renal failure [11. The kidney
vasculature, principally the glomerulus, is the main target of
immunological damage. It has been long thought that hyper-
tension, which frequently accompanies glomerulonephritis,
may influence the course and/or progression of glomerular
damage due to its effects on the vasculature [2, 3, 91. How-
ever, we feel the mechanisms involved have been poorly un-
derstood. Thus, we considered that it would be important to
develop experimental models in which glomerular immune in-
jury is accompanied by hypertension, particularly since recent
studies suggest that the effects of systemic hypertension could
be more or less injurious, depending on whether or not
glomeruli are protected by pre-glomerular vasoconstriction [7,
11]. Dahi and Schackow [5] developed two inbred strains of
rats with different propensity to the hypertensinogenic effects
of high dietary salt: a salt-sensitive strain S, which develops
hypertension when placed on a high salt diet and a salt-resist-
ant strain R, which does not. We reasoned that these rats are
ideally suited to evaluate the relationship between glomerular
immune injury, hypertension, and dietary salt. Of added rel-
evance for our studies are the alterations in the hemodynamic
determinants of glomerular filtration observed in the S strain of
rats [6, 12]. Hypertensive S rats, which have a 15% congenital
decrease in the number of glomeruli, have an increase in sin-
gle nephron glomerular filtration rate (SNGFR) due to a con-
comitant increase in glomerular plasma flow (GPF) and intra-
glomerular capillary pressure (Par). The latter changes are me-
diated by a decrease in pre-glomerular arteriolar resistance
which with an equal pace exposes glomeruli to systemic hyper-
tension [6, 12, 13]
We induced chronic mesangial ferritin-antiferritin immune
complex disease in Dahi S and R rats [4]. We have demon-
strated previously that in this model the histological changes
seen by light microscopy are discrete and charaterized by mild
mesangial matrix expansion and minimal cellularity. By im-
munofluorescence microscopy intense staining for ferritin, IgG,
and C3 can be demonstrated primarily in the mesangium [4].
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These features were reproduced with great similarity in both S
and R rats. R rats with or without FIC disease did not develop
hypertension on either low or high dietary salt intake. At 28
weeks of age R rats with FIC disease had increased mesangial
matrix, but glomeruloscierosis was minimal. Glomerular
changes as well as urinary protein excretion were similar in R
FIC rats maintained on 0.3% NaC1 chow and in those on 8.0%
NaC1 chow. Thus, increased salt intake did not influence FIC
disease in R rats. S rats without FIC disease maintained on
0.3% NaC1 chow experienced a slight but significant increment
in BP between 14 and 28 weeks of age (Table I). Mild mesan-
gial expansion and slight glomeruloscierosis were observed
only in 28-week-old rats. These glomerular changes may be re-
lated to the effects of the slight increment in systemic BP in S
rats, which lack pre-glomerular vasoconstriction [61. This
would result in increased intraglomerular pressures and flows
which over an extended period of time may induce structural
alterations in the glomerular mesangium [141. This hypothesis
is given support by the changes observed in S rats placed on
8.0% NaC1 chow at 14 weeks and also in S FIC rats (Table 1).
Surprisingly, S rats with FIC disease were uniquc because they
developed moderate but significant hypertension and protein-
uria at 14 weeks of age despite having been fed 0.3% NaCI
chow. This was accompanied by an increased mesangial ma-
trix and slight cellular proliferation (Fig. 3). In those S FIC rats
maintained on 0.3% NaCl chow from 14 to 28 weeks of age,
the BP remained elevated and with it there was relentless pro-
gression of glomerular injury (Table 1, Fig. 3C and D). More-
over, tubular atrophy and peritubular fibrosis, not observed in
14-week-old rats, were now readily apparent. Thus, mesangial
immune injury reset the BP of S FIC rats to a higher but stable
level which was associated with progressive renal damage. In
the group of S FIC rats in which at 14 weeks of age the dietary
salt was increased, susceptibility to salt-induced hypertension
became apparent, and the BP, the proteinuria, as well as the
glomerular, vascular and tubulointerstitial alterations were
strikingly magnified at 28 weeks of age (Table 1, Fig. 3F).
The mechanisms by which DahI S rats develop hypertension
when given high dietary salt are not completely understood. It
has been shown that the kidneys of S rats have a decreased
pressure-natriuresis response, probably mediated by neural
and/or humoral factors [15]. In addition, in S rats, salt-loading
potentiates central and peripheral neurogenic increases in BP
[161. The present studies demonstrate that despite low dietary
salt, discrete mesangial immune injury induced by FIC hastens
the onset of hypertension, but only in those rats genetically
susceptible to salt-induced hypertension (S FIC at 14 weeks).
Whether FIC in S rats is hypertensinogenic by acting through
humoral and/or neural mechanisms capable of triggering hyper-
tension in this strain or by other still unexplained mechanisms
is at present unclear. At this point, however, it is unwarranted
to speculate further about the factors that may be involved
since the current studies were not designed to identify them.
Our morphological studies revealed that the glomerular
mesangium is particularly susceptible to the effects of hyper-
tension. in addition, FIC disease acted synergistically with
hypertension to produce progressive mesangial matrix expan-
sion and glomerulosclerosis, two harbingers of glomerular de-
struction. What is the genesis of glomerulosclerosis? Although
the mechanisms involved are poorly understood, development
of glomerulosclerosis has been attributed to (1) functional over-
load of the mesangium [17], (2) altered glomerular hemodynam-
ics [14], (3) epithelial and/or endothelial cell injury [18], and (4)
a combination of these factors. We demonstrated the associa-
tion between altered glomerular hemodynamic determinants,
structural changes, and abnormal mesangial function in a
model of ureteral obstruction [19], and in a model of chronic
FIC disease similar to the one induced in S and R rats [4].
Recently, the glomeruloscierosis that occurs in rats with sub-
total nephrectomy has been attributed, at least in part, to the
effects of adaptive hemodynamic changes [14]. The remnant
nephrons undergo afferent arteriolar dilatation that results in
high glomerular flows and pressures, accompanied by in-
creased trapping of macromolecules in the mesangium [20].
With time, persistent mesangial overload may contribute to
progressive mesangial expansion. Similar mechanisms may
participate in the glomerular injury of hypertensive S rats. We
have previously shown that the presence of FIC in the mesan-
gium induces a delay in the egress of macromolecules from this
region [4]. Thus, it is reasonable to speculate that in hyper-
tensive S FTC rats the combination of delayed transit and in-
creased mesangial traffic of circulating macromolecules may
have contributed to progressive mesangial injury. Whether or
not a diseased mesangium can decrease the compliance of
glomeruli and/or disturb autoregulation of the glomerular blood
flow is unknown. if this were to occur, the structural damage
induced by high pressures and flows could be magnified. Fi-
nally, the inflammation induced by immune reactants and in-
flammatory cells could be another important factor by which
mesangial immune injury could increase the vulnerability of
glomeruli to hypertension, In fact recent studies have shown
the presence of the membrane attack complex of the comple-
ment system in the mesangium and afferent arterioles of kid-
neys from humans with hypertensive nephrosclerosis [21].
in contradistinction to Dahi S rats, Wistar-Okamoto spon-
taneously hypertensive rats (SHR) with similar degrees of
hypertension do not develop glomerular damage until very late
in their life [10]. However, it is known that the glomeruli of
SHR rats are protected by pre-glomerular vasoconstriction
[12]. Consequently, it is apparent that the levels of systemic
hypertension may not always reflect concomitant 'glomerular
hypertension." Glomerular damage, however, depends on the
latter. Hence, hypertension may contribute to the rapid pro-
gression of glomerular damage in some nephritic kidneys but
not in others. In the latter group, the injurious effects of hyper-
tension on glomeruli may only become manifested (1) during
episodes of hypertension severe enough to override the pro-
tection afforded by preglomerular vasoconstriction and/or (2)
when the loss in renal mass reaches a point in which adaptive
mechanisms (afferent arteriolar dilatation accompanied by in-
creased glomerular flows and pressures) become operative.
The models described herein hopefully will provide the basis
for future studies destined to examine (1) the intrinsic mecha-
nisms whereby discrete glomerular injury triggers the devel-
opment of hypertension in genetically susceptible rats and (2)
the changes in hemodynamic determinants that occur at the
glomerular level due to the interaction between hypertension
and the structural changes induced by immune-mediated
glomerular injury.
We recognize that comparisons between experimental stud-
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ies and human disease must remain speculative. Nonetheless,
our studies provide insight as to the reasons for the different
rates of progression in human glomerulonephritis associated
with hypertension [221. In addition, they may be particularly
relevant to explain why glomerular diseases more often
progress to renal failure in patient populations which are prone
to salt-induced hypertension 1221.
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